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Abstract

Studies show that ventilation systems take an important role to reduce sur-

gical site infection in hospitals. However, the ventilation system itself might

not be enough. Staff’s movement around the room, positioning of the surgi-

cal lamps, and even the clothing worn by the surgeons can interfere with the

airflow, spreading contaminating particles around the operating room. These

bacteria-carrying particles emitted by personnel can be transported through

thermal plumes (TP) that have the ability to influence the distribution of air

in the microenvironment area of the operating room.

The objective of this study is to characterise the thermal plume of a pa-

tient under two examined ventilation systems, laminar airflow (LAF) and

turbulent mixed ventilation (MV) with a variable room temperature of 21

and 23 °C. Two operating rooms (ORs) at St. Olavs Hospital were used

as study cases to compare the patient’s thermal plumes. During the mea-

surements, room temperature, relative humidity, velocity, temperature, and

turbulence intensity of the thermal plume were determined. As well as the

experimental collection of data, theoretical calculations of the thermal plume

and air distribution in the OR were assessed to understand the phenomenon

and provide a thorough explanation in the discussion section.

The results show that most Indoor Air Quality (IAQ) parameters are

within European standards except for the low humidity. Regarding the mea-

surement data, the risk of SSI increases at 23 °C rather than at 21 °C for

both ventilation systems. This is due to increased turbulence intensity and

a reduction in the thermal plume’s velocity for the MV and for LAF, the

thermal plume is suppressed at 5 cm at 21 °C while reaching a height of 10

cm at 23 °C.

This master thesis is a continuation of the specialisation project submitted

in December 2022 that found that thermal plumes had an important role in

dominating the airflow in the critical zone and thus, having the potential to

ii
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Clean air in operation rooms (ORs) is known to prevent surgical site in-

fections (SSI) [1], which refer to the infection at the skin, tissue, or organ

level within 30 to 90 days of surgery [2]. This is one of the main complica-

tions after surgery and it is also affiliated with mortality [3]. In the United

States of America, SSI comes second as the most common infection, extend-

ing hospitalisation by more than a week [4]. Studies have shown that the

main source of airborne bacteria is particle shedding from the surgical team

and from outdoor air that enters when doors are open [5]. Air currents and

human movement in the surgical room can relocate the squames and bacteria-

carrying particles (BCPs) towards the sterilised area [6], [7]. Thus, a proper

ventilation system is critical for an appropriate indoor environment in ORs

and the well-being of patients and staff. Two systems are included in the

scope of this study, laminar airflow (LAF) and turbulent mixed ventilation

(MV). Previous studies have highlighted the importance of using different

ventilation systems for particular surgeries. General surgeries like abdom-

inal surgery should be performed in MV rooms while for procedures with

higher infection risk such as organ transplantation, cardiovascular surgery,

or surgery with a prosthetic implant, the recommendation is to use LAF ORs

[8].

A previous investigation from the specialisation project showed that the

1
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particle presence correlated to the turbulence intensity found at 10 cm above

the wound, implying the existence and magnitude of the thermal plume (TP).

Studies have demonstrated that BCPs can be spread around the surgical area

due to thermal plumes and contaminate the surgical site [9]. Thermal plumes

are an energy exchange between the body and its surroundings, causing the

air to rise slowly and transporting pollutants with less density than the supply

air [10]. Understanding the thermal flow is critical to recognise the airflow

pattern in a room and thus the risk of SSI [11].

1.1 Objective and scope of the study

The objective of this study was to understand how different room temper-

atures influence the patient’s thermal plume. A complementary aim was to

figure out which ventilation system and under which room temperature can

be more beneficial for the prevention of surgical site infections in patients

based on their thermal plume.

The aim was achieved by using two operating rooms at St. Olavs Hospital

as study cases, laminar airflow, and mixing ventilation. Two measurements

with different room temperatures were performed with each system, 21 °C
and 23 °C. During the measurements, room temperature, relative humidity,

velocity, temperature, and turbulence intensity of the thermal plume were

determined.

The following points were conducted to reach the finalisation of the study:

• Look into the literature review regarding different ventilation solutions,

the impact of thermal plumes in surgical critical zones, and the param-

eter requisites in ORs.

• Understand the theoretical equations that define the plume’s behavior

and particle movement around the room.

• Conduct experimental measurements of the patients’ thermal plume in

both ORs under different room temperatures, 21 and 23 °C.

2
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• Analyse the results to determine the effect of the thermal plume and

provide a conclusion.

3
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Chapter 2

Literature Review

Ventilation systems in operating rooms can assist in the reduction of surgical

site infections and the prevention of death rates. The difference between ven-

tilation systems currently used in hospitals is discussed as well as highlighting

diverse pathways in which bacteria can be introduced into the surgical room.

Literature about how thermal plumes behave in an operating room and the

indoor environment conditions that they should have are also presented in

this section.

2.1 Ventilation systems

Different technologies are being studied and used in hospitals to improve

patients’ recovery chances and reduce infection risks. Depending on the

surgery, some types of ventilation systems are preferred over others [12].

2.1.1 Turbulent mixed ventilation

Under an MV ventilation system, the air is supplied from the ceiling into the

room at a specific rate with the objective to generate turbulence in the room

and aim to achieve a fully mixed room that promotes uniform temperatures

and the dilution of the concentration of particles.

5
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2.1.2 Laminar airflow ventilation

This system became popular in the 1960s and ’70s to reduce post-operative

wound infection. At the same time, antibiotics were also introduced, and

thus, the effectiveness of the ventilation system was put into question [13].

Laminar airflow administers a homogeneous and unidirectional flow of air

from the ceiling into the critical zone with little turbulence to avoid the

creation of currents and turbulence that could contribute to the spreading

of bacteria-carrying particles around the room. It uses a sweeping action

to wash off the bacteria before the clean air mixes with the surrounding

contaminated one.

2.1.3 Hybrid ventilation

This technology utilises both aforementioned ventilations to obtain optimal

cleanness efficiency during surgeries. The unidirectional flow is used for the

critical zone and the periphery of the OR is ventilated with MV.

2.1.4 Temperature controlled airflow

This modern technology uses air density differences to protect critical areas.

Air is introduced into the room through LAF and due to being slightly colder,

ergo heavier, than the surrounding air, it flows downwards to the operating

table. A heating system located by the periphery warms up the room air,

creating the density difference and ensuring the effectiveness of the vertical

column over the patient. Figure 2.1 illustrates the four different ventilation

systems.

2.1.5 Comparison between LAF and MV

LAF and MV are often compared in terms of airflow supply, energy consump-

tion, and air cleanness efficiency (transportation of bacteria to the microen-

vironment zone). LAF requires up to 82% higher airflow supply than MV

[15], and the air velocity close to the wound is twice the amount in LAF than

in MV [16]. Consequently, the electricity consumption increases for LAF. A

6
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Figure 2.1: Virtual representation of different HVAC systems used in hospi-
tals. A) Turbulent mixed ventilation (MV); B) Laminar airflow (LAF); C)
Hybrid ventilation; D) Temperature controlled airflow (TCAF) [14].

study by NTNU shows that LAF increases 50 % of the MV consumption

[17]. The filters and ventilation systems used for MV are simpler and require

less maintenance than LAF, Making the MV a more economically friendly

ventilation alternative than LAF [18], [19].

With regard to the bacterial load removal, a study done by the University of

Gothenburg found that the laminar airflow system resulted in a reduction of

89% in CFU in comparison with the MV system [20]. Other studies done by

the University of Lund, Sweden, have also found that LAF has significantly

lower CFU than mixed ventilation [5]. Furthermore, a study by the Medical

University of Vienna, states that there was no significant difference between

a small LAF system (380 cm × 120 cm) and no LAF in terms of CFU counts

measured and that only the large LAF system (518 cm × 380 cm) provided

enough airflow to reduce the bacteria load in the critical zone [21]. However,

epidemiological registry studies have shown that the risk of surgical site in-

fections in laminar surgeries appears to be the same or higher than in MV.

7
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For this reason, WHO has stated that laminar flow should not be used for

total arthroplasty surgery [22].

The air cleanness efficiency in a room is not only related to the ventilation

system but also the layout of the room and its equipment. Studies show

that both solutions are susceptible to the layout of the OR such as the po-

sition of the operating table and surgical lamps and personnel movement

[23]. Although the consequences of SSI are studied to be more serious un-

der a unidirectional flow than turbulent ventilation since it can disrupt air

displacement [12].

2.2 Thermal plume

The human body is continuously exchanging heat with its surrounding air

and since the human body’s temperature is around 36 °C, higher than the

thermal comfortable air temperature, this creates a directional flow [24]. This

flow is also known as a thermal plume and due to the buoyancy effect, it

begins at the feet moving up close to the body until it separates at the

shoulder and head level [25]. This effect can be seen in Figure 2.2a where

the thermal plume begins around the hips level and makes its way close to

the body until it separates at the head.

(a) Temperature contour (b) Velocity vectors

Figure 2.2: Thermal plume of a standing surgeons during surgery [26].

Unlike the strong thermal plume observed in the standing position, Fig-

8
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ure 2.3a presents the thermal plume of a lying patient which is generated

from two different areas, the core and the head. From the thermal figures,

it should be noted that the thermal plume of the surgeons reaches a higher

height than that of the patient.

(a) Temperature contour (b) Velocity vectors

Figure 2.3: Thermal plume of a lying patient during surgery [26].

Looking into the velocity vectors, Figure 2.2b and Figure 2.3b, one can

observe that the plume’s velocity is higher for the standing than lying posi-

tion, along with showing that the higher velocity is reached in both scenarios

once the plume has detached from the body. In Figure 2.3a the thermal

plume located by the head has a slight angle towards the core, which it is

caused by the breathing airflow.

2.3 Bacteria in ORs

It is hard to predict the size and amount of bacteria found during surgery

since it is influenced by several factors. Nonetheless, a study has ascertained

that under average activity, surgeons release around 104 particles per minute

and that 10 % of these are bacterial [27]. Studies have determined that bac-

teria can adhere to particle sizes between 5-60 µm of diameter [28] while

other researches establish that the risk stands with particle sizes of 10 µm

which is equivalent to a squame dimensions [29]. These differences may be

9



CHAPTER 2. LITERATURE REVIEW

due to different clothing materials or woven techniques used during the mea-

surements [30]. Furthermore, bacterial loads on the skin may vary depending

on the surgeons’ and nurses’ sex, age, nutrition status, personal health, and

parts of the body that are exposed [31]. Several studies confirm that female

personnel shed less amount of bacteria particles than males [32] and that old

personnel disseminate more bacteria than young ones [33].

During the surgery, bacterial particles are suspended in the air and carried

through the room by airflows [34]. Thermal plumes contribute to creating

further fluctuations in the room’s air distributions that can be beneficial

or disadvantageous depending on the ventilation conditions [9]. For mixing

ventilation systems, a strong thermal plume can prevent bacteria from go-

ing inside the wound and reduce infection [35]. However, for LAF systems,

having a high plume that will later on be washed down, can lead to BCP

depositing on the instrumentation table and causing a risk of infection when

introducing these into the wound [36]. Thus, in LAF operating rooms with a

Figure 2.4: Particle concentration distribution in a LAF OR under different
supply velocities. Source from [37]

10
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supply velocity inferior to 0.25 m/s, thermal plumes can aggravate the infec-

tion risk [37]. Figure 2.4 illustrates the particle concentration transported by

the thermal plume under different supply velocities in a unidirectional venti-

lation system. At the lowest initial velocity, the BCP concentration is spread

to the entire critical zone maintaining the highest concentration above the

stomach of the patient. As the velocity increases, the concentration dimin-

ishes, decreasing significantly the bacteria amount above the lying patient.

The cleaning effectiveness of the LAF system depends on the position of

the surgical lamps and although it complies with the necessary supply ve-

locity, the risk of SSI increases when situating an obstacle in between the

unidirectional flow and the patient [23]. Figure 2.5 shows the velocity vec-

tor and BCP concentration distribution for a vertical unidirectional surgical

room with surgical lamps close to the microenvironment zone.

Figure 2.5: Particle concentration distribution in a LAF OR. Source from
[38]

11
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The supply air with an initial velocity of 0.25 m/s, is obstructed by the

surgical lamp forming eddies, a swirl in the air stream, under it at 10 cm

above the patient. High bacteria concentrations were also located above one

of the instrument tables and behind the surgeons [38]. The surgeons’ ther-

mal plume and movement also take part in spreading the BCP and hence,

an initial velocity of 0.25 m/s is not always enough to avoid bacteria around

the critical zone.

The thermal plume is also affected by the clothing levels and by the

breathing motion of the chest [39]. Furthermore, the surface area, tempera-

ture, and geometrical shape of the heat source are what cause the character-

istics of the thermal plume [40]. As seen in Figure 2.6 the thermal plume can

be divided into 3 regions, the initial, the self-similarity of mean motion, and

the complete flow region. It can be seen that the plume becomes narrow at

zone 1, meaning that the air accelerates away from the heat source [41]. The

second region has an axisymmetric turbulent plume. For a setting without

thermal stratification, a third region appears. Here the flow is complete and

non-turbulent reaching the maximum plume [42].

Figure 2.6: Different regions of a thermal plume. Source from [42]
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2.4 Indoor environment specifications

The reasoning behind ventilation systems helping to reduce SSI has been

addressed and thus, determining the minimum airflow is necessary. In addi-

tion, another prevention method is the enhancement of patients’ immunity.

Hypothermia commonly occurs in about half of all surgical patients and the

effects of it can cause serious clinical consequences. A study showed that

the risk of SSI was 9% higher in non-warmed patients [2]. Hence, the tem-

perature and humidity in ORs should also be within determined limits to

minimise infection risk while maintaining a comfortable thermal condition.

Hospital ORs are classified into different types of cleanrooms depending

on their purpose. Technical standards and regulatory laws provide informa-

tion on its construction, testing, cleanness, usage, and indoor specifications

for the well-being of the patient as well as surgeons and nurses [14]. These

requirements vary from country and thus, it is hard to determine which stan-

dard is more accurate and where to make improvements.

To be able to compare the air quality under dynamic conditions in different

operating rooms from different hospitals, the University of Nashville has de-

veloped a set of environmental quality indicators that can evaluate the IAQ

in ORs [43]. These indicators include air velocity, temperature, humidity,

pressurisation, microbial data, and particle counting. The study discusses

the advantages of using their method to make alterations in air changes per

hour (ACH), filters, the usage of microbial sterilisers, and even the staff work-

flow to improve clinical outcomes while potentially reducing operating costs

in hospitals.

To determine the required specifications for Norwegian hospitals, requi-

sites for ORs in the US and European countries were studied as illustrated

in Table 2.1, and the Norwegian specifications were determined by taking

the overlapping intervals.These values will be later on compared with the

conditions of the surgical rooms to determine if the current state of the ORs

is safe for the patients and staff working there.
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Table 2.1: Indoor environment standards for different countries in operating rooms

Country
Temperature

[°C]
Velocity
[m/s]

Humidity
[%]

Airflow
[ACH]

Pressure
difference

[Pa]
Standard

Spain 22-26 0.2-0.4 45-55 >20 5-20 UNE 100713 [44]

USA 20-23.8
Face air vel:
0.13-0.15
LAF

20-60 >20 >4
ASHRAE
170-2017 [45]

Germany 18-24 n.a. 50-60 >20 n.a. DIN 1946 [46]
UK 18-28 0.3-0.38 35-60 >25 10-15 TM 03-01 [47]

France 18-26 LAF n.a. >50 10-20
AFNOR NF
S90-351 [48]

Sweden 18-26
To be calculated
>10 CFU/m3 <70

To be calculated
>10 CFU/m3 >5 SIS-TS 39:2012 [49]

Romania 20-26 0.275 30-60 n.a. n.a.
MLPAT indicativ
C253-1-94 [50]

Italy 18-24 0.24-0.45 25-60 n.a. >5
UNI CEN/TS
16244:2018 [51]

Norway 22-24 >3 50-55 >20 >10 n.a.
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Chapter 3

Theoretical calculations

For the sole purpose of understanding the physics behind particle movement

and how the room air can affect the patient’s thermal plume to reduce SSI,

equations are introduced in this section. A correction in the speed measuring

devices was necessary and thus, the utilised equations are explained as well.

3.1 Speed correction for anemometers

The omnidirectional speed sensors provide measuring data for mean air

speed, turbulence intensity, temperature, and standard deviation vectors.

For the calculation of the air velocity, readying only the mean air speed

would be incorrect since a velocity vector is defined by the magnitude of

speed and direction. The velocity will always be smaller than the mean air

speed since the magnitude is always positive but the velocity vector can have

both positive and negative values depending on its direction. For turbulent

flow environments, this difference becomes greater, leading to considerable

numerical mistakes when assessing the thermal plume [52]. Omnidirectional

anemometers have been previously used for thermal plume studies and when

calibrated and using the turbulence correction equations, the results were

found to be accurate [42], [53], [54].

The magnitude of the mean velocity vector is defined by the values of the
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velocity components of, Vx, Vy, and Vz as seen in Equation 3.1 [55].

V =
√
Vx

2 + Vy
2 + Vx

2 (3.1)

One of the outputs of the omnidirectional sensor is the magnitude of the

instantaneous velocity vector and averaging the given values provides the

mean air speed [uo ], where t is the given time period as shown in Equation 3.2.

uo =
1

t

∫ t

o

V dx (3.2)

Furthermore, turbulence intensity is defined as the standard deviation of

the velocity fluctuations divided by the magnitude of the mean velocity as

seen in Equation 3.3 [40].

TI =
SD

V
=

√
1
3
(Vx

2 + Vy
2 + Vz

2)

V
(3.3)

A valid equation for all turbulent air flows that can correct the speed of

the measured anemometers into velocity vector is shown in Equation 3.4 [56].

TI =

√
(1 + 3TI2)

V
2

u2o
− 1 (3.4)

This equation was tested for different turbulence intensities and the ratio
uo
|V| follows a simple parabolic equation at low TI, but at high turbulences,

the ratio seems to be linear. Thus, the equation is divided into two as seen

in Equation 3.5 and Equation 3.6 to properly obtain a correction formula at

any given turbulence.

uo
V

= 1 + TI2, T I ≤ 0.45 (3.5)

uo
V

=
1.596TI2 + 0.266TI + 0.3808

0.173 + TI
, TI > 0.45 (3.6)
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3.2 Room average velocity calculations

For the calculation of the average velocity in a room, the kinetic energy model

is used since it takes into account the influence of thermal plumes [57].

The conservation of kinetic energy can be expressed as Equation 3.7 where

Er is the room kinetic energy [J] and e the kinetic energy flux [J/s].

dEr

dt
= einput − eoutput + esources − esinks (3.7)

Some potential energy flux parameters found in a room are listed below and

can be calculated using Equation 3.8.

• Energy inputs: supply jets, infiltration, and gravity.

• Energy outputs: exhaust and exfiltration.

• Energy sources: heat sources, moving objects, boundary currents, or

internal jets.

• Energy sinks: surface friction and viscous dissipation.

The supply jet energy flux is defined as Equation 3.8.

ei =
1

2
ρu2oq (3.8)

Where ρ is air density [kg/m3], uo initial velocity [m/s], and q volume flow

rate [m3/s].

The energy flux due to the heat source formula is displayed in Equation 3.9.

eh = 5.3 × 10−5ρΦh(∆h+ ho) (3.9)

Where Φh [W] is the convective heat flux from the source, ∆h [m] is the

distance from the heat source to the ceiling, and ho [m] is the distance from

the virtual origin of the thermal plume to the top of the heat source and it

is calculated from Equation 3.10 where C is a constant = 4.18 and d [m] is

the heat source diameter.
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ho = C · d
2

(3.10)

Furthermore, the temperature difference between the supply and the room

air produces a kinetic energy potential due to buoyancy [58]. This should be

taken into account when estimating the room’s average velocity and it can

be calculated from Equation 3.11.

eg = gHqs(ρr − ρs) (3.11)

Where g is the Earth’s gravitational acceleration [m/s2], H is the height of

the room [m], and ρr and ρs are the air densities at room and supply tem-

peratures in kg/m3.

Taking into account the kinetic energy balance equation, one can define

the room average velocity equation as seen in Equation 3.2.

ur =
C

1
2
x

ρ
(
einput − eoutput + esource

0.664As

)
1
2 (
Vr
As

)
1
6 (3.12)

Where ur is the room mean velocity [m/s], Cx = 1.4 m
11
3 /s

5
3 is an empirical

coefficient, Vr is the room volume [m3] and As the area of the room surfaces

[m2].

The energy fluxes from Equation 3.7 such as the infiltration and exfiltra-

tion through the envelope, and sink are not considered when calculating the

room velocity, and the reason behind this is that the influence of these is

very small compared to other energy fluxes and thus, it can be ignored [58].

Equation 3.2 has been validated by the company Halton Solutions [57]

and Helsinki University of Technology [58] for mixing rooms and thus, it will

be used in this study to calculate the average room velocity to evaluate the

results.

Knowing the theoretical average velocity in a room can be useful to deter-

mine whether the enclosure is fully mixed or not. It is important in ORs that

there are no stagnation zones and ergo the room is fully mixed to prevent
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particles from concentrating in certain areas that could lead to infection risk.

3.3 Thermal plume calculations

Several methods of thermal plume calculations have been studied in previous

years, however, most of them cannot predict asymmetrical plumes. Until

now, the two most common methods known are the point heat source and the

integral method [59]. Symmetrical plumes can be described with a Gaussian

distribution curve using the following four parameters [40]:

• Rv - Width of the air velocity profile

• Rt - Width of air temperature excess profile

• vzm - Maximum vertical air velocity component

• ∆tm - Maximum air temperature excess

The aforementioned parameters are not taking into account the inconsistency

of the plumes profiles width, and hence, further integral characteristics (vol-

ume flux (V), momentum flux (I), buoyancy force density (P), and enthalpy

flux (Q), also known as The Approximate Distributions Integration Method

(ADI-method)), should be introduced [60], [61].

V =
∑

vi · ∆S (3.13)

I = ρ
∑

v2i · ∆S (3.14)

P = ρgβ
∑

Ti · ∆S (3.15)

Q = ρ · cp
∑

(∆Ti · vi) · ∆S (3.16)

Where ρ is the air density [kg/m3], g is the acceleration due to gravity [m/s2],

β is the thermal expansion coefficient [1/K], Ti is the excess air temperature

[°C], vi is the air velocity [m/s], ∆S is the elementary area of the plume cross

section [m2] and cp is the specific heat of air [J/kgK].
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Furthermore, temperature excess distribution (∆T (z)) and air velocity

(v(z)) at any given height (z) in asymmetrical thermal plumes can be ex-

pressed as follow [40]:

∆T (z) = ∆Tm · exp−(
r

Rtα

)n (3.17)

v(z) = vm · exp−(
r

Rvα

)n (3.18)

Where r is the radius distance from the plume axis [m] and Rtα and Rvα are

the local angular widths of the air temperature excess and velocity profile

respectively [m]. ∆Tm is the maximum air temperature excess [°C] and vm is

the maximum vertical air velocity component [m/s]. For symmetrical plumes,

the exponent n=2 should be used, and for non-symmetrical TP, the power

of n for both equations should be in the range between 1.5 and 2.

For the calculation of the radius as seen in Equation 3.19, it is necessary to

first determine the plume axis wandering. This phenomenon occurs due to

the convective boundary layer caused by the heat source or by alterations in

the plume surroundings [62].

r = [(x− x0)
2 + (y − y0)

2]
1
2 (3.19)

The local angular width parameters are obtained by calculating the second

harmonic function as seen in Equation 3.20 and Equation 3.21 where Rt0

and Rv0 are the mean widths for the temperature and velocity plume cross-

section respectively. A visual understanding of the parameters is shown in

Figure 3.1.

Rtα = Rt0[1 + At1 sin(α + φt1) + At2 sin(2α + φt2)] (3.20)

Rvα = Rv0[1 + Av1 sin(α + φv1) + Av2 sin(2α + φv2)] (3.21)

φ1 and φ2 are the phase shift angles while A1 and A2 are the amplitudes.
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Figure 3.1: Illustration of the calculation of local angular parameters [40].

3.4 Particle motion

Airborne particles found in ORs, particularly the smaller ones, are affected

by the local airflow and airflow streamlines [63]. Airflow behaviour is complex

but crucial to understanding and predicting the movement of particles within

a room, as small particles behave in the same manner as the airflow [64].

Studies noted that particles with diameter sizes between 0.1 and 1 µm did

not show significant contrasting motion patterns unless the particles were

approaching a surface [65]. For bigger diameters, the gravitational force

dominates the particle motion, not following the airflow. Predominantly,

particle dispersion is determined by the Stokes number (STK), and conceding

that particles have STK ≤ 0.1 they will follow the airflow streamlines [66].

3.4.1 Turbulent airflow

As aforementioned, the airflow pattern is crucial to understand particle mo-

tion. A widely used method is the Realisable k -ε model that compasses

the Reynolds-Averaged Navier-Stokes methods in addition to a turbulence

kinetic energy (k) and dissipation rate (ε) as seen in Equation 3.22 [67]–[70].

∂

∂t
(ρφ) + ∇ · (ρφV⃗ − Γφ∇φ) = Sφ (3.22)
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where ρ is the air density, φ denotes the transported quantity, V⃗ is the

velocity vector, Sφ is the source term and Γφ the effective diffusion coefficient

for each dependent variable.

This model is only valid to estimate the part of the room that is strongly

turbulent since this method assumes isotropic turbulence. Therefore, it would

be inaccurate to simulate the airflow close to surfaces with this eddy viscosity

model [41].

3.4.2 Lagrangian particle tracking method

As bigger particles do not follow the airflow pattern, different equations must

be considered for these contaminants. There are two particle tracking meth-

ods to simulate particle diffusion in a room: Eulerian particle tracking (EPT)

and Lagrangian particle tracking (LPT), although studies have demonstrated

that the LPT method appeared to be more accurate [36].

This Lagrangian tracking method calculates particles’ individual trajec-

tories through the momentum equation as expressed in Equation 3.23 [71].

dVp
dt

= FD(V − Vp) +
g(ρp − ρ)

ρp
+ FB + Ftherm + Fs (3.23)

where dVp

dt
represents the inertial force and FD(V − Vp) the drag force

per unit particle mass. V is the velocity vector and g is the gravitational

acceleration. g(ρp−ρ)

ρp
is the gravitational and buoyancy force while FB is

the Brownian force, Ftherm refers to the thermophoretic term and Fs is the

Saffman’s lift term.

The drag force can be further expressed as Equation 3.24 and it is the

most significant force [72].

FD =
18µ

ρpd2p

CdRep
24

(3.24)

where µ is the molecular viscosity of air, dp is the particle diameter, Rep is

the Reynolds number based on the diameter of the particle, Cd is the drag

coefficient for spherical particles which can be obtained from Equation 3.25
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[73].

Cd =
ξ1
Re

+
ξ2
Re2

+ ξ3 (3.25)

where ξ are constants.

One of the limitations of the LPT method is that it does not calcu-

late particle concentration hence, the discrete random walk (DRW) model

is adequate to simulate the fluctuating velocity (u′) following a Gaussian

probability distribution as seen in Equation 3.26 [72].

u′ = ψ
√
u′2 = ψ

√
2k

3
(3.26)

where ψ is the normally distributed random number. Due to the random

number, uncertainties regarding the particle concentration may occur and

to obtain statically reliable results, several trajectories need to be simulated

[74].

3.4.3 Particle deposition

The deposition of contaminants around the microenvironment area could

potentially lead to SSI and thence it is important to take it into account

[75] The particle deposition velocity, vd, is modelled by assuming that the

airflow of the room is homogeneous and isotropically turbulent. It takes into

account the Brownian force, turbulence diffusion, and gravity. In addition,

it comprises both horizontal (Equation 3.27 and Equation 3.28) and vertical

surfaces (Equation 3.29) [76].

vd
u∗

=
vs
u∗

1 − exp(− vs
u∗ I)

, Upwards (3.27)

vd
u∗

=
vs
u∗

exp(− vs
u∗ I) − 1

, Downward (3.28)

vd
u∗

=
u∗

I
, V ertical (3.29)
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where u∗ is the friction velocity, vs the particle settling velocity and I is

expressed as Equation 3.30 [77].

I =

∫ 30

r+

vg
εp +Dp

dy+ (3.30)

where y+ = xu∗

vg
and r+ = dp

2
u∗

vg
. Furthermore, εp stands for the particle eddy

diffusivity, Dp is the Brownian diffusivity of the particle, vg is the kinetic air

viscosity and x is the distance between the wall and the first cell center. Other

recent studies have improved this model by adding the effect of turbophoresis

[78].
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Chapter 4

Methodology

Four 40 minutes mock-up surgeries in two operating rooms at St. Olavs

Hospital were performed to study the influence of the room temperature on a

patient’s thermal plume. The cases encompassed two different temperatures,

21 °C and 23 °C, and two ventilation systems, mixing and laminar airflow.

4.1 Mixing ventilation operating room

The OR with mixing ventilation had an area of 59.1 m2 and a height of 2.9

m. The surgical bed is placed approximately at the centre of the room as

seen in Figure 4.1.

Figure 4.2 demonstrates the overview of the mixing ventilation system,

which is composed of an inlet duct (blue and red) and two exhaust out-

lets (green). The air that is introduced into the operating room from the

AHU (Air handling unit) passes through a temperature-controlled heating

coil regulated by a valve to achieve the desired values. A water-based surface

air cooler is also utilised when the supply air is desired to be lower. The

air passes through a damper to control the amount of airflow needed in the

room before being filtered from pathogens and particles. The red duct is in

reality divided into 4 inlet points and during the measurements, they were

each located at 3.9 m, 4.2 m, 3 m, and 3.4 m from the wound.
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Figure 4.1: Image of the mixing ventilation operating room at St. Olavs
Hospital where the measurements took place.

The exhaust air was divided into going back to the AHU or the outdoors.

The duct towards the AHU measured the temperature and relative humidity

of the air before passing it through a damper while the other exhaust outlet

solely had a volume control damper.

Figure 4.2: Mixing ventilation system with intensive treat fresh air system
used in the operating room. Sketch provided by St. Olavs Hospital.
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4.2 Laminar airflow operating room

The laminar operating room had a total area of 56.1 m2, of which 11 m2 is

the rectangular LAF zone, with a room height of 3.08 m. The surgical bed

was positioned at the centre of the LAF zone as seen in Figure 4.3.

Figure 4.3: Image of the Laminar airflow operating room at St. Olavs Hos-
pital where the measurements took place.

The ventilation system of the LAF is composed of a returning air duct

with heat recovery and as seen in Figure 4.4, before introducing the air into

the OR (blue and red duct), the air from the AHU passes through a damper

that controls the amount of airflow and which is controlled by a motor. It is

then followed by a filter with a pressure difference sensor to collect unwanted

pathogens and particles. The fan with a pressure sensor is in charge of moving

the air through the duct toward the heating coil and the surface air cooler.

These are used to reach the desired temperatures in the OR. Finally, before

entering the surgical room, the air passes through another filter to make the

air as clean as possible.

The remaining green ducts are the exhaust outlets. One of them is the

recirculating duct that is connected to the inlet duct and recirculates around

71 % of the operating room’s air. A second exhaust duct returns to the AHU

passing through a damper and ultimately, the last green duct excesses some

air into the corridor through the volume control damper.
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Temperature, airflow, pressure difference, and relative humidity sensors are

placed along the system for better control of the flow and indoor parameters

of the OR.

Figure 4.4: LAF ventilation system with heat recovery used in the operating
room. Sketch provided by St. Olavs Hospital.

During the measurements, the measured supply velocity into the operat-

ing room was 0.3 m/s which is within the desired values [10] and the wound

was at a distance of 2 m from the ceiling and 1.08 m above the floor.

4.3 Instrumentation

An overview of the instrumentation used for the mock-up surgeries is illus-

trated below since the proper understanding of the use and limitations of the

measuring instruments are crucial to properly analyse the data.

4.3.1 Anemometers to measure velocity and turbulence

intensity

SensoAnemo 5100 LSF omnidirectional anemometers were used in order to

measure the speed and turbulence intensity at different heights above the
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wound and record data every 2 seconds. These devices can measure the

speed between 0.05 and 5 m/s with an accuracy of speed of ±0.02m/s and

±1% of readings. [79]. These anemometers were calibrated in December

2020 as can be seen in chapter A

Figure 4.5: Image of SensoAnemo 5100 LSF from sensor electronics. Picture
obtained from [79]

4.3.2 Temperature and relative humidity

Tinytag Plus 2 was used to measure the room temperature and relative hu-

midity. It has a temperature reading scale of -25 to +85 °C and a reading

resolution of 0.01 °C and its accuracy depends on the measured temperature

as seen in Figure A.1. Regarding the relative humidity, it has a measuring

scale from 0 to 100% and an accuracy of ±3.0% RH at 25 °C [80]. The time

interval during the surgery was of 10 seconds and they were placed on the

operating table, supply inlet, and exhaust outlet.

Figure 4.6: Image of Tinytag Plus 2 — TGP 4500 from Gemeni data loggers.
Picture obtained from [80]

29



CHAPTER 4. METHODOLOGY

4.3.3 Heat source

A 1.7 m tall female humanoid thermal mannequin was used as a patient for

every scenario. The core temperature of the mannequin was kept within a

range of 33.5 - 34.5 °C for all scenarios and was not wearing any surgical

clothing, only covered by the surgical blanket, to simulate a realistic patient

during surgery. The chosen temperature range was determined by previous

studies which stated that within the experiment’s conditions, the tempera-

ture range should be between 32 - 34 °C [81], [82]. The power output of the

mannequin could vary between 0-200 W and the heat points were placed on

the head, arms, core, and legs.

Figure 4.7: Image of the female humanoid thermal plume.

4.3.4 Infrared camera

The infrared camera, Flir One - iOS, was remarkably easy to use and trans-

port due to its compact size and clear instructions from its app. It requires to

be connected to an iPhone and through the mobile’s camera, it captured the

temperature ranges within the room. It has an accuracy of ±3 °C for scenes

within 15 °C to 35 °C. The emissivity was adapted to the mannequin’s prop-

erties and the battery life of the device was 1 h, hence it had to be charged

between measurements [83].
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Figure 4.8: Image of infrared camera Flir One - iOS. Image obtained from
[83].

4.3.5 Variable transformer

The voltage variable transformer was used to control the power output of

the mannequin. It had a voltage range between 0 to 260 and by spinning

the black wheel, it could be changed to a different setting. This is seen in

Figure 4.9 where the voltage value was set to the desired constant one during

the measurements.

Figure 4.9: Voltage variable transformer used during the measurements to
correct the output power of the thermal mannequin.

4.3.6 Energy cost meter

The variable transformer controlled the output voltage, however, in order

to confirm the power output, the GAO EMT707CTL energy cost meter was

used. It has an accuracy of ±5.0% and has the possibility to measure voltage,

amperes, hertz, watts, apparent output, and kilowatt hours [84].
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Figure 4.10: Image of energy cost meter - GAO EMT707CTL. Image ob-
tained from [84].

4.3.7 Thermal detector

Precautions were made to ensure that the mannequin conditions were op-

timal and so, a Bosch PTD 1 thermal detector capable to assess surface

temperature was used to measure the core temperature of the patient. The

pistol has a temperature accuracy of ±3 °C for scenes between 10 °C and 30

°C. The emissivity degree was changed to High emissivity degree of 0.95 due

to the properties of the surface of the mannequin. The measuring distance

was 0.5 m for desirable results [85].

Figure 4.11: Image of thermal detector - Bosch PTD 1. Picture obtained
from [85].
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4.3.8 Laser meter

To measure the height of the anemometers to the wound, a digital meter was

used. It has a minimum measurement of 1 mm and an accuracy of ±3 mm

with a measuring range between 0.15 - 20.000 m [86]. A conventional tape

meter was used for the same objective as well.

Figure 4.12: Image of the Bosch Zamo laser measure. Picture obtained from
[87].

4.4 Experimental set-up

Two operating rooms with different ventilation systems, laminar airflow, and

mixing ventilation, were used as case studies to perform a thermal plume

measurement under two different room temperatures, 21 °C and 23 °C. A

thermal mannequin was placed in an operating bed to simulate a patient

under stomach surgery. The mannequin was not wearing any clothing and

was covered by a surgical blanket to obtain realistic results. In addition,

the blanket was cut into the shape of a 20 cm square and to avoid fluctu-

ation of the thermal plume, the sides of the surgical blanket were taped to

the mannequin as seen in Figure 4.13a. Moreover, the taping provided a

constant thermal plume throughout every measurement since the study area

was unchanging for every scenario. To keep the measurements comparable,

a reference point was placed at the centre of the core where the stomach of

the patient would be located. A red arrow pointing to this point is shown in

Figure 4.13b.
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(a) Tape around the assumed wound. (b) Reference point.

Figure 4.13: Set-up of the patient for the anemometers measurement.

A total of seven anemometers, 8.5 cm apart, were attached to a support

rack that could be moved vertically to five positions with different heights,

placing the 4th anemometer above the reference point. The aforementioned

layout is portrayed in Figure 4.14. The chosen heights were 5, 10, 25, 50, and

Figure 4.14: Measurement layout that took place in all 4 scenarios.

100 cm above the wound. The reasoning behind choosing only 5 heights was

to be able to combine this project with an ongoing project at St. Olavs and

due to timing restrictions, the measurements for this study had to maximum
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last 1 hour. Within this time, the OR was set up, 5 different heights of 5

minutes each were measured, and the operating room was left ready for the

next study.

Due to the different phenomena happening in the mixing vs laminar ventila-

tion, the heights were decided to be between 5 cm above the wound, as it is

the lowest possible measurement due to the physical shape of the anemome-

ter and bust of the mannequin, and 100 cm above the wound since this was

the maximum height the supporting rank could achieve. For LAF thermal

plumes with supply airflow of 0.3 m/s, the maximum height is reached at

50 cm and the height where more eddies appear is between 10-25cm [37].

For these reasons, the chosen heights were crucial for the study. Figure 4.15

illustrates the maximum and minimum measured height in the two operating

rooms.

(a) 100 cm above the wound in the MV
OR.

(b) 5 cm above the wound in the LAF
OR.

Figure 4.15: Measurement set-up for 100 and 5 cm above the wound.
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4.4.1 Temperature control

During the first measurement, the thermal mannequin was giving faulty

power outputs of around 114 W when it should have been 40 W. This meant

a higher thermal output and hence an unrealistic increase in the thermal

plume. The first measurements could not be used in this study due to the

lack of credibility, however, it introduced a problem that needed fixing. The

mannequin was taken to the universities workshop to run several tests and

figure out what were the roots of the problem and how to fix it. After a few

weeks, The problem was found to be the power controller located at the back

of the mannequin and so it was changed and equipped with a new poten-

tiometer.

Meanwhile, the tight measurement schedule required a faster alternative,

and therefore a variable transformer was used to control the output voltage.

Variable transformers are devices that can transmit different amounts of out-

put voltage from the same input voltage [88]. The variable transformer was

connected to the mannequin and the energy cost meter that could measure

volts. The reason behind this was to ascertain the thermal conditions nec-

essary to simulate a real patient under surgery. Once the equipment was

connected, the voltage could be adjusted with the black rotating wheel. Fig-

Figure 4.16: Connections to the variable transformer.
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ure 4.16 illustrate the discussed connections where the black cable is attached

to the mannequin and the white one coming from the variable transformer,

is the one connected to the voltmeter.

To corroborate the mannequin’s thermal discharge, a thermal detector,

and infrared camera were used. The measuring temperature point was the

same as the anemometers reference point seen in Figure 4.13b. Due to the

big temperature accuracy of both devices, ±3 °C in comparison to the small

measuring range, 33.5-34.5 °C, the utilisation of the two instruments was

desired. Figure 4.17 compares the temperature difference measured by both

apparatuses. for Figure 4.17b, the reference point is determined by point 2

which is only 0.4 °C lower than the one measured by the thermal pistol. The

results of both devices were satisfactory and they were used throughout the

study to estimate the core temperature of the mannequin. To control the

temperature within the mentioned range, the wheel on the variable trans-

former was rotated until reaching acceptable temperatures.

(a) Temperature measured by thermal
pistol

(b) Temperature measured by thermal
camera

Figure 4.17: Comparison of mannequin body temperature measured with a
thermal pistol and a thermal camera.
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4.4.2 Experimental method

Both operating rooms have 20 air changes per hour (ACH) which means

that it takes 3 minutes for new air to be introduced. Opening and closing

the doors can affect not only the pressure within the room but also the

air distribution. Another factor that can contribute to disturbing the air

distribution in the room is performing any sort of movement. Hence, before

taking the measurements, it was important that the door was closed and the

people within the room were either standing or sitting still away from the

microenvironment area. A waiting time of 6 minutes took place after the

mentioned conditions were met.

Two people were required to move the support rack to different heights to

avoid any risk of harming the anemometers and to obtain a more precise

horizontal measurement. Although a level tool was used for this, having two

people, accelerated the process and confirmed the correct rack position. The

laser meter or a conventional tape meter was used to measure the distance

between the 4th anemometer and the reference point as seen in Figure 4.18.

Figure 4.18: Measuring 5 cm above the wound with a tape meter.

To solely determine the thermal plume of the mannequin in the room

38



CHAPTER 4. METHODOLOGY

and how it is influenced by the ventilation system, the surgical lights were

turned off. Another reason behind not using the lights was that they might

have become an impediment in the study due to acting as an air distribution

barrier over the studied area.

Previous studies have shown the importance of using a humanoid shape to

determine the thermal plume rather than a cylinder or a rectangular box.

Using a mannequin conveyed the TP to be asymmetrical and the axis of the

TP changed [61], thus obtaining more authentic results. A constant power

output was achieved by setting the variable transformer at 60 W which cor-

responded to the sought wound temperature.

The cases performed during this study are represented in Table 4.1.

Table 4.1: Measuring cases.

Type of
ventilation

Room
temperature [°C]

Supply
temperature [°C]

ACH

Case A MV 21 18.9 20
Case B MV 23 23.3 20
Case C LAF 21 21.6 20
Case D LAF 23 22.8 20
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Chapter 5

Results

The measured and analysed parameters that encompass the result section

include the indoor parameters in the ORs: pressure, temperatures, and hu-

midity, to compare it with hospital indoor environment standards. Moreover,

velocity, temperature, and TI profiles were presented to explain the perfor-

mance of the thermal plume under different circumstances as well as a calcu-

lation subsection using the equations explained in chapter 3. The following

results were analysed using the Matlab scripts found in chapter B.

5.1 Indoor environment parameters inside the

operating room

The indoor air parameters were measured using Tinytags to evaluate the con-

ditions of the operating rooms and compare them with the aforementioned

standards Table 2.1.

For the MV OR, Figure 5.1, one can observe that the room temperature

of 21 °C is more stable than 23 °C. At the beginning of the measurement, the

23 °C room temperature did not achieve its required value, however, if only

the data after 10 minutes of mock-up surgery are taken into consideration,

the fluctuation of the blue dotted line is 0.3 °C while the other temperature

does not reach 0.1 °C. Regarding the humidity, it seems that both scenarios
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Figure 5.1: Indoor air parameters in the mixing ventilation room.

have lower values than what the standards suggest, having a maximum rel-

ative humidity of 7.8 % for the 21 °C room temperature and 14.9 % for the

23 °C.

Furthermore, for the LAF OR, Figure 5.2, the temperatures are quite

stable for both cases, keeping a stable value of 21.6 and 22.8 °C respectively.

An increase in relative humidity is also seen as the temperature increases,

such as with the MV scenarios. The relative humidity for 21 °C is higher

than with the mixing ventilation, reaching a value of 11.6 % while for the 23

°C the highest measured value was 13.5 %.

The airflow rate of the mixing room is displayed in Figure 5.3 where it

can be seen that the OR was kept at positive pressure to protect the pa-

tient during surgery. Most ORs are either kept at positive pressure to avoid

pathogens from entering the theatre or at negative pressure to avoid infection

from spreading [89]. Having a greater amount of supply air than exhaust air
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Figure 5.2: Indoor air parameters in the laminar ventilation room.

Figure 5.3: Airflow parameters in mixing operating room.
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results in a positive pressure environment and this is the case for all four

scenarios portrayed in this study. For the 23 °C case, the room required a

slightly greater amount of airflow of 3681.9 m3/h while the supply of 21 °C
was 3668.5 m3/h. In order to keep a similar pressure difference in the room

at all times, the exhaust flow of the former case was also higher than the

latter, 3249.5 and 3228.7 m3/h, respectively.

Figure 5.4: Airflow parameters in the laminar operating room.

The airflow rate of the LAF OR is shown in Figure 5.4 where it can be seen

that the supply airflow is kept at 14806 m3/h for both temperatures while

the exhaust flow for cases C and D were 4013.6 and 4005.9 m3/h respectively.

The supply is composed of approximately 30 % new air from the AHU and

the remaining is recirculated air. A more detailed overview of the supply

airflow is shown in Figure 5.5 where 4300 m3/h of new air is introduced and

10500 m3/h is recirculated air.
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Figure 5.5: Detailed airflow parameters in the laminar operating room.

5.2 Velocity profiles

The raw data, measured with the omnidirectional anemometers, were cor-

rected using the speed correction Equation 3.5 & Equation 3.6, and later on

the results were analysed using the MATLAB countourf function that inter-

polates the data to be able to obtain a more visually-friendly chart as seen

in Figure 5.6. As shown in Figure 4.14, the wound is positioned at the centre

of the x-axis, the table’s width, which corresponds to 0.3 m in the charts.

The first two cases, A & B, refer to MV and thus, the velocity values are

smaller than with the cases C & D which correspond to LAF. The thermal

plume for the first scenario, Figure 5.6a, has the highest velocity at 10 cm

above the wound. The thermal plume’s velocity decreases as it gets farther

away from the wound and mixes with the room air. As seen in Table 5.1,

the calculated theoretical average room velocity of 0.107 m/s is very similar

to the one measured by the anemometers 0.11 m/s and from the chart, the

thermal plume reaches this velocity at height 100 cm.

For the second case, Figure 5.6b the velocities are clearly lower than in
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(a) Mixing ventilation at 21 °C (b) Mixing ventilation at 23 °C

(c) Laminar ventilation at 21 °C (d) Laminar ventilation at 23 °C

Figure 5.6: Velocity profile of the patient’s thermal plume.

the previous scenario. The room temperature in this case is 2 °C higher and

therefore the temperature difference between the thermal plume and room air

is smaller. From Equation 5.1 it can be understood that assuming an ideal

gas, the density of the air would decrease with a higher room temperature.

ρ =
MP

RT
(5.1)

Where M is the molecule mass of the gas [g/mol], P is the pressure of the gas

[atm], R is the gas law constant and T is the gas temperature [K]. This con-

firms that the air density between the thermal plume and room temperature

is more similar and from the ADI-Method, Equation 3.15, we can understand

that the buoyancy force is smaller than for the first case.
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The similarities in air densities between the room’s air and the TP signify

better mixing [90], and since the buoyancy effect is not as predominant as in

case A, the thermal plume is shorter and slower in comparison.

The other LAF scenarios show a different chart pattern. The velocities are

highest farther away from the wound since it is closest to the unidirectional

supply of air and as it gets closer to the wound, the velocities decrease. The

velocities at 5 and 10 cm above the wound are the smallest seen in Figure 5.6c

and Figure 5.6d due to the fact that the TP opposites the unidirectional flow

and the resulting measured velocity is expressed as Equation 5.2.

v = vsupply − vTP (5.2)

Where vsupply is the supply velocity and vTP is the thermal plume’s velocity.

5.3 Temperature profiles

The temperature profiles were analysed using the same method as the velocity

profiles. These results show a visualisation of the physical characteristics

of the thermal plumes and how they are affected by the change in room

temperature.

Comparing Figure 5.7a to Figure 5.7b it can be seen that the TP for

case A appears to reach a higher height while keeping a narrower width.

Furthermore, for the LAF scenarios, a similar pattern is shown. The TP is

wider and higher for case C, Figure 5.7c, than for case D, Figure 5.7d.

For cases C & D the TP is suppressed by the supply airflow, and due to

the stronger buoyancy force for case C, the thermal plume has the strength

to be able to reach a higher height. As a consequence, the TP for the last

case is shorter but it widens close to the operating table. A comparable phe-

nomenon happens for cases A & B except that the unidirectional flow does

not act upon the thermal plume and thus, it can reach higher.

A tendency seen in every case is the second peak on the right of the TP.

The interpretation behind this is that while taking the measurement, a hole
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(a) Mixing ventilation at 21 °C (b) Mixing ventilation at 23 °C

(c) Laminar ventilation at 21 °C (d) Laminar ventilation at 23 °C

Figure 5.7: Temperature profile of the patient’s thermal plume.

was cut into the surgical blanket to resemble a realistic operating wound. Due

to the constant rearrangement of the mannequin into different ORs and to

be able to compare the data between the four cases, tape was used to prevent

the blanket from moving. Nevertheless, the heat of the patient resulted in

the adhesive tape detaching from the right side which resulted in body heat

escaping from under the blanket at high speed. This can be seen in Figure 5.6

where higher velocities are seen on the right side of the plume.
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5.4 Turbulence Intensity profiles

The turbulence intensity charts display the velocity fluctuations. The differ-

ent buoyancy forces and the suppressed TP for the LAF cases can also be

seen in Figure 5.8.

(a) Mixing ventilation at 21 °C (b) Mixing ventilation at 23 °C

(c) Laminar ventilation at 21 °C (d) Laminar ventilation at 23 °C

Figure 5.8: Turbulence intensity profile of the patient’s thermal plume.

The centre of the thermal plume, in Figure 5.8a just above the wound,

illustrates a vertical chimney where the TI is lowest. This stands for the

laminar flow in the TP and it is encircled by areas with higher TI which

exemplifies the interaction between the thermal plume and surrounding air.

This chart can also provide an idea of the height of the thermal plume and

as seen in case A, it is higher than 100 cm.

A comparable trend can be observed in Figure 5.8b, however, the centre of
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the TP is further shifted to the right and as the TP does not reach the highest

measured height, the encircled areas with a greater TI can be detected.

The remaining two cases show a disparate tendency since the topmost TI

is found at 5 cm for Figure 5.8c and at 10 cm above the wound for Figure 5.8d.

This is due to the fact that the most turbulent point would be where the TP

meets the supply airflow. Additionally, case D comprises a larger area of

higher TI than case C. The reasoning behind this lies in the fact that the

TP has a lower buoyancy force and tends to widen the TP in contrast to

case C. Moreover, the supply air for case C is denser as the temperature is

lower than for case D, which signifies that the unidirectional air is heavier

and therefore can suppress the thermal plume closer to the wound.

5.5 Calculations

Theoretical calculations, including room average velocity for the MV scenar-

ios, were made to corroborate the experimental results and be able to obtain

a more exhaustive understanding. Furthermore, the calculations to convert

the speed into velocity were also displayed to show the importance of making

the correction.

5.5.1 Average room velocity

Table 5.1 shows the input data and values of the average room velocity

calculations using the equations in section 3.2. Calculations of the same

MV room under two different temperatures were performed and compared

in order to understand what aspects influence the ventilation in the room.

For 21 °C air room temperature, the aspect that most appear to affect

the air movement is the supply inlet followed by the exhaust fan. Gravity

and the mannequin’s heat play an almost insignificant part in comparison.

The average room velocity for the mentioned temperature conditions is cal-

culated to be 0.1084 m/s. From Figure 5.6a it can be seen that a mean

velocity of 0.11 m/s surrounds a zone with higher velocities as it gets closer
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Table 5.1: Calculation of average room velocity in MV OR at 21 °C and 23
°C using equations in section 3.2.

Design Setup Units 21 °C 23 °C

Input Data

Room
Height [m] 2.9 2.9
Length [m] 7.9 7.9
Width [m] 7.15 7.15

Heat Source
Φh [W] 60 60
∆h [m] 1.9 1.9
ho [m] 0.418 0.418

Airflow
qs [m3/s] 1.02 1.02
qe [m3/s] 0.89 0.9
uo [m/s] 5 5
Ts [°C] 18.9 23.3
Tr [°C] 21 23
ρs [kg/m3] 1.18 1.16
ρr [kg/m3] 1.17 1.16

Calculations of parameters

Kinetic Energy
ei [W] 15.0327 14.8597
eo [W] 13.1346 13.1365
eh [W] 0.0145 0.0144
eg [W] 0.2465 0.0524

Room
Vr [m3] 163.8 163.8
As [m2] 200.26 200.26

Average Room velocity ur [m/s] 0.1084 0.1130

to the wound. This zone displays the velocity profile of the TP while the

velocity surrounding it is assumed to be room velocity. The calculated room

average velocity corroborates this hypothesis since the numbers align. This

calculation also verifies the existence of a fully mixed room in the OR for

case A.

Regarding case B, the average room temperature is slightly greater than for

case A, and unlike the previous figure, in Figure 5.6b one cannot distinguish

the interaction between the TP and room air easily. The calculated room
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velocity is 0.1130 m/s which from the measured velocities it does not cor-

respond to the surrounding velocity. The low velocity and high TI seen in

this case could suggest a stagnation area above the wound becoming a risk

for the patient. Since the average room velocity calculation assumes a fully

mixed room, stagnation areas or velocities are not considered, hence, showing

different values.

5.5.2 Speed correction for anemometers

Table 5.2 indicates the values of the measured speed vs the converted velocity

for the same points. The columns stand for the position of the anemometer

and it can be better understood in Figure 4.14. Every speed value is greater

than the velocity ones given the fact that the former does not take direction

into account. The wrong assumption of using speed instead of velocity could

lead to errors as defined in the 4th row. The error values are different for

different points since this depends on the magnitude of turbulence intensity.

Table 5.2: Speed conversion onto velocity of anemometers from MV 23 °C at
10 cm above the wound.

P1 P2 P3 P4 P5 P6 P7
Speed 0.1237 0.1196 0.1204 0.1300 0.1370 0.1422 0.1415
Velocity 0.1210 0.1148 0.1159 0.1270 0.1337 0.1381 0.1369
Error [%] 2.1426 3.9955 3.7049 2.2622 2.3687 2.8800 3.2901
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Chapter 6

Discussion

The ventilation system in an operating room is crucial for the impediment to

the spreading of microorganisms and particles. The thermal plume takes an

important role in the airflow of the microenvironment and studies have high-

lighted that an adequate ventilation system should be placed to counteract

the possible aftereffect of the thermal plume.

6.1 Indoor environment parameters

The room temperatures inside the ORs were established to be 21 and 23

°C to study the influence of the thermal plume. However, after asking the

staff at St. Olavs Hospital which temperature was the most common to use

during surgeries, the answer given was 25 °C since this reduces the risk of

hypothermia in patients. Checking Table 2.1 one can observe that these

temperatures are within the ranges of European standards.

Regarding humidity, the highest value obtained was during the measurements

of case B, figuring 14.9 %. At first, it was expected to obtain a lower RH

value than case A, however, in both OR a similar trend can be seen. Since

the measurements were taken in the same OR as another ongoing study that

required 5 people to perform a mock-up surgery, the values of RH are quite

different from expected. Case A was measured before the mock-up surgery,

showing a low RH value of 7.8 % while Case B was measured straight after the
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4-hour mock-up surgery. Human breath is known to produce humidity and

so it is not surprising that the value of relative humidity increased after the

mock-up surgeries. Comparing the value to the standards, the RH does not

reach the minimum requirement. This should be notified to the hospital to

make improvements such as installing humidifiers in their ventilation systems.

The remaining parameters: supply velocity, airflow, and pressure difference

are achieved and considered adequate.

6.2 Thermal plume velocities

For the mixing ventilation, the velocities were highest closer to the wound,

and as the plume dissipated and blended with the room air, the velocities

decelerated. For the 23 °C case, the air densities between the room and the

TP became similar and the mixing happened faster in comparison to the 21

°C scenario. Overall, the velocities for the lower air temperature have a faster

thermal plume. A study done by Chongqing University also found that the

velocities for a lower temperature room resulted in a higher TP velocity and

as the temperature increased, the velocities became slower [91]. For the LAF

scenarios, the charts show the highest velocity farthest away from the wound

due to the laminar air supply. As it gets closer to the wound, the velocities

decrease obtaining the lowest value at 5 cm and 10 cm for the 21 °C and 23

°C scenarios respectively. These points represent the interaction between the

upward thermal plume and the downward unidirectional flow.

6.3 Thermal plume temperatures

The maximum temperatures for the lowest temperature case are 23.4 °C for

MV and 22.6 °C for LAF. The reason behind not obtaining the same tem-

peratures even though the mannequin’s properties were the same, is that the

thermal plume for the LAF was suppressed at 5 cm as explained previously,

and thus not able to reach as high temperatures. A similar trend appears

to happen for case B which reaches a maximum temperature of 25 °C while

54



CHAPTER 6. DISCUSSION

case D achieves 24.5 °C. When comparing both temperatures, the TP with

21 °C appears to have a narrower plume while the remaining scenario tends

to have a shorter plume with a wider plume base closer to the wound.

A second temperature peak on the right side of the operating table can be

observed in every case. This has been thought to be due to a gap in the tape

surrounding the wound as shown in Figure 6.1. The heat stored under the

blanket is emitted through the gap, producing the second peak.

Figure 6.1: Illustration of the unattached tape.

6.4 Thermal plume turbulence intensities

Turbulence intensities are useful to determine the existence of eddies or fluc-

tuations in the air. The mixing ventilation scenario with 21 °C demonstrates

a uniform vertical plume that reaches at least 100 cm above the wound with

eddies forming on the boundary of the TP. This tendency is also seen in the

same room at a higher temperature, howbeit the plume is shifted to the right

due to a lower temperature difference. In addition, case B happens to form

eddies with greater value over a wider area, signifying its capability to mix

easily with the room air. As for the LAF room, the turbulence intensities

are truly similar except for the interaction between the thermal plume and

laminar air meeting at different heights as already mentioned. A high TI for

the LAF cases does not represent the formation of eddies but the interaction

between the unidirectional flow and TP. For both cases, the laminar flow
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predominates the microenvironment zone above 25 cm. The shape of the TP

being narrower for the 21 °C cases and widen at the bottom for the 23 °C
scenarios is also illustrated by the TI.

6.5 Reduction of SSI

Previous studies have stated that having a higher thermal plume in the mix-

ing ventilation contributes to lowering the risk of SSI as it protects the wound

from incoming particles. The ability of the plume to transport particles up-

wards depends on the heat flux [91]. Equation 6.1 represents Newton’s cool-

ing law for convective heat transfer where h is the convective heat transfer

coefficient [W/m2], ts is the temperature of the mannequin’s surface [K], and

tf the air temperature [K].

qf = h(ts − tf ) (6.1)

Based on Newton’s law, the higher the temperature difference between the

patient’s temperature and room air, the greater the ability of the plume

to diffuse the particles upwards. As for the LAF OR, it was stated in the

literature section that the higher the thermal plume is, the greater the risk

of indirect infection.

Particles tend to follow the air streams in a room hence the understanding

of the air distribution is important to locate BCP. Eddies are circular currents

that have the ability to transport particles to one location and trap them,

resulting in high BCP concentrations [38]. Case B is composed of a big eddy

with high-velocity fluctuations close to the wound, having the highest chance

of SSI out of the remaining cases. As for the LAF OR, it was stated in the

literature section that the higher the thermal plume is, the greater the risk

of indirect infection. Therefore, from an SSI preventative point of view, the

best scenarios for both operating rooms are performing surgeries at 21 °C
room temperature.
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6.6 Theoretical calculations

The average room velocity calculations for the turbulent mixing ventilation

and the measurements in the same room resulted being very similar for case

A. This indicates that the operating room at St. Olavs Hospital at this room

temperature reaches a fully mixed air distribution, having the potential to

dilute the pollutants at any point in the room. Furthermore, the equations

were proven to work for the OR at the hospital, hence they can be used for

future research. Regarding case B, further investigations should be made to

determine the existence of stagnation zones which could become a potential

risk for the patient.

For the speed correction equations, the results confirm the theory of hav-

ing higher speed values than velocity. In addition, calculations of the error

percentage of using the speed as velocity were portrayed in the result sec-

tion, suggesting that if the correction is neglected, the results would have an

inaccuracy of 3 %.

Asymmetrical thermal plume calculations were also studied to understand

the physics behind it and provide stronger arguments for the result’s inter-

pretations.

Since the amount of BCP and its movement around the room is crucial

to determine the risk of SSI, equations of particle motion following the air

streams, as well as particle tracking methods and particle deposition, were

provided for the sole purpose of understanding the phenomenon. Unfortu-

nately, due to a lack of data, these numerical calculations were not possible

to determine, however, they could be used in future research.
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6.7 Limitations

Previous studies establish that performing the measurements with a breath-

ing mannequin results in a wider plume cross-section in comparison to a

no-breathing one [60]. Not having the correct thermal plume’s shape could

lead to incorrect velocities which in themselves signifies an incorrect SSI risk

estimation for the ORs.

Regarding the analysis of the results for the anemometers data, an inter-

polation function was used and due to distances not being equidistant, errors

due to data uncertainty are present.

Concerning the theoretical calculations for the average room velocity,

some aspects of Equation 3.2, such as infiltration and exfiltration, were as-

sumed non-existent as ORs ought to be airtight to reach pressure differences.

The mentioned equation does take into account the position of the supply

diffusers and instead, one bigger diffuser was assumed. In addition, the calcu-

lated surface temperatures were presumed to be constant and the ventilation

system achieved a fully mixed room.

A female mannequin that was 1.7 m tall was utilised due to its lightest

weight and easy transportation to the hospital. Since the thermal plume is

determined by the shape, choosing another mannequin with different gender

and/or size might have affected the results.

6.8 Further work

The results show that the thermal plume for both systems protects the wound

best at 21 °C since for mixing ventilation it dominates the critical zone reach-

ing higher heights and for laminar airflow, the thermal plume is suppressed

closer to the wound. It could be interesting to repeat the measurements

with particle counting or particle image velocimetry (PIV) to confirm this

hypothesis.
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Another interesting concept to further investigate is the asymmetrical

shape of the plume over the patient to explore the cross-sectional area from

section 3.3 and understand how this can influence the risk of SSI.

Additional further work that can contribute to understanding the airflow

distribution in the room, ergo the particle movement, is to simulate the two

study cases with computational fluid dynamic (CFD) using the given equa-

tions.

To determine if there is a balance between low microbial contamination

and low energy consumption in St. Olavs Hospital, it could be interesting to

study the environmental quality indicators to determine the requisites and

decide on possible beneficial changes.
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Chapter 7

Conclusion

This study has highlighted the influence of the patient’s thermal plume during

surgery and how it could contribute to the reduction of SSI in the critical

zone. It also displayed the thermal plume difference between the laminar

airflow and turbulent mixing ventilation surgery rooms and the effect that

the room temperature has on a lying thermal plume. The conclusions are

summarised as follows:

• Thermal plumes in turbulent mixing operating rooms appear to reach

higher velocity values at lower air room temperatures.

• Maximum temperatures for the LAF scenarios are not the same as for

MV since the unidirectional flow suppresses the thermal plume.

• The turbulence intensity for case A shows a unidirectional flow above

the wound and the formation of eddies on the boundary.

• The thermal plume for case B diffuses more easily than case A due to a

lower density difference between the room air and the patient’s thermal

plume, resulting in bigger and more turbulent eddies.

• The height of the thermal plume for LAF increases with the room

temperature.

• After 25 cm above the wound, the unidirectional flow dominates the

critical zone for both 21 and 23 °C.
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• From an infection-preventative standpoint, surgeries performed at 21

°C have a lower SSI risk than at 23 °C for both LAF and MV systems.

• The parameters measured in the operating rooms seemed to be within

standard regulations except for the relative humidity. The maximum

value of 14.9 % during case B was still below the suggested one by the

standards.
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https://www.obsbygg.no/verktoy-og-tilbehor/elektroverktoy/

maleverktoy/2328025. (accessed: 10.05.2023).

[88] RS. “Variable transformers.” (), [Online]. Available: https://uk.rs-

online.com/web/generalDisplay.html?id=solutions/electronics-

variable-transformers-content#:~:text=Variable%5C%20transformers%

O

http://gemini2.assets.d3r.com/pdfs/original/3751-tgp-4500.pdf
http://gemini2.assets.d3r.com/pdfs/original/3751-tgp-4500.pdf
https://escholarship.org/uc/item/22k424vp
https://doi.org/https://doi.org/10.1016/j.ajic.2018.03.019
https://doi.org/https://doi.org/10.1016/j.ajic.2018.03.019
https://www.sciencedirect.com/science/article/pii/S0196655318302128
https://www.sciencedirect.com/science/article/pii/S0196655318302128
https://www.flir.com/products/flir-one-gen-3/
https://www.flir.com/products/flir-one-gen-3/
https://www.manualslib.com/manual/1085339/Gao-Emt707ctl.html?page=10#manual
https://www.manualslib.com/manual/1085339/Gao-Emt707ctl.html?page=10#manual
https://www.manua.ls/bosch/ptd-1/manual?p=1
https://www.manua.ls/bosch/ptd-1/manual?p=1
https://www.manualslib.com/manual/1103454/Bosch-Zamo.html?page=19#manual
https://www.manualslib.com/manual/1103454/Bosch-Zamo.html?page=19#manual
https://www.obsbygg.no/verktoy-og-tilbehor/elektroverktoy/maleverktoy/2328025
https://www.obsbygg.no/verktoy-og-tilbehor/elektroverktoy/maleverktoy/2328025
https://uk.rs-online.com/web/generalDisplay.html?id=solutions/electronics-variable-transformers-content#:~:text=Variable%5C%20transformers%5C%20are%5C%20transformers%5C%20that,are%5C%20built%5C%20to%5C%20custom%5C%20specifications.
https://uk.rs-online.com/web/generalDisplay.html?id=solutions/electronics-variable-transformers-content#:~:text=Variable%5C%20transformers%5C%20are%5C%20transformers%5C%20that,are%5C%20built%5C%20to%5C%20custom%5C%20specifications.
https://uk.rs-online.com/web/generalDisplay.html?id=solutions/electronics-variable-transformers-content#:~:text=Variable%5C%20transformers%5C%20are%5C%20transformers%5C%20that,are%5C%20built%5C%20to%5C%20custom%5C%20specifications.
https://uk.rs-online.com/web/generalDisplay.html?id=solutions/electronics-variable-transformers-content#:~:text=Variable%5C%20transformers%5C%20are%5C%20transformers%5C%20that,are%5C%20built%5C%20to%5C%20custom%5C%20specifications.
https://uk.rs-online.com/web/generalDisplay.html?id=solutions/electronics-variable-transformers-content#:~:text=Variable%5C%20transformers%5C%20are%5C%20transformers%5C%20that,are%5C%20built%5C%20to%5C%20custom%5C%20specifications.


BIBLIOGRAPHY

5C%20are%5C%20transformers%5C%20that,are%5C%20built%5C%

20to%5C%20custom%5C%20specifications.. (accessed: 10.05.2023).

[89] T. Chow, A. Kwan, Z. Lin, and W. Bai, “Conversion of operating

theatre from positive to negative pressure environment,” Journal of

Hospital Infection, vol. 64, no. 4, pp. 371–378, 2006, issn: 0195-6701.

doi: https://doi.org/10.1016/j.jhin.2006.07.020. [Online].

Available: https://www.sciencedirect.com/science/article/

pii/S0195670106003859.

[90] S.J.Leach, “Stratification and mixing of fluids of different densities,”

Instn chem. Engrs, Symposium series, vol. 25, 1968. [Online]. Available:

https://www.icheme.org/media/10296/iii-paper-03.pdf.

[91] G. Feng, Y. Bi, Y. Zhang, Y. Cai, and K. Huang, “Study on the motion

law of aerosols produced by human respiration under the action of

thermal plume of different intensities,” Sustainable Cities and Society,

vol. 54, p. 101 935, 2020, issn: 2210-6707. doi: https://doi.org/

10.1016/j.scs.2019.101935. [Online]. Available: https://www.

sciencedirect.com/science/article/pii/S2210670719316385.

P

https://uk.rs-online.com/web/generalDisplay.html?id=solutions/electronics-variable-transformers-content#:~:text=Variable%5C%20transformers%5C%20are%5C%20transformers%5C%20that,are%5C%20built%5C%20to%5C%20custom%5C%20specifications.
https://uk.rs-online.com/web/generalDisplay.html?id=solutions/electronics-variable-transformers-content#:~:text=Variable%5C%20transformers%5C%20are%5C%20transformers%5C%20that,are%5C%20built%5C%20to%5C%20custom%5C%20specifications.
https://uk.rs-online.com/web/generalDisplay.html?id=solutions/electronics-variable-transformers-content#:~:text=Variable%5C%20transformers%5C%20are%5C%20transformers%5C%20that,are%5C%20built%5C%20to%5C%20custom%5C%20specifications.
https://uk.rs-online.com/web/generalDisplay.html?id=solutions/electronics-variable-transformers-content#:~:text=Variable%5C%20transformers%5C%20are%5C%20transformers%5C%20that,are%5C%20built%5C%20to%5C%20custom%5C%20specifications.
https://doi.org/https://doi.org/10.1016/j.jhin.2006.07.020
https://www.sciencedirect.com/science/article/pii/S0195670106003859
https://www.sciencedirect.com/science/article/pii/S0195670106003859
https://www.icheme.org/media/10296/iii-paper-03.pdf
https://doi.org/https://doi.org/10.1016/j.scs.2019.101935
https://doi.org/https://doi.org/10.1016/j.scs.2019.101935
https://www.sciencedirect.com/science/article/pii/S2210670719316385
https://www.sciencedirect.com/science/article/pii/S2210670719316385


CHAPTER A. MEASURING INSTRUMENTS

Chapter A

Measuring instruments

The aim of this section is to provide calibration certificates and accuracy

graphs for some of the used measuring instruments.

Figure A.1: Image of the temperature accuracy for TinyTag [80].
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CHAPTER B. MATLAB SCRIPT

Chapter B

Matlab script

The Matlab scripts used to analyse the data are shown in this section.

B.1 Script for temperature, velocity and tur-

bulence intensity profiles

clear all

clc

filepath5 = "C:\ Users\marin\Desktop\Master \4

semester \21 degC\vel_5_LAF.txt";

filepath10 = "C:\ Users\marin\Desktop\Master \4

semester \21 degC\vel_10_LAF.txt";

filepath25 = "C:\ Users\marin\Desktop\Master \4

semester \21 degC\vel_25_LAF.txt";

filepath50 = "C:\ Users\marin\Desktop\Master \4

semester \21 degC\vel_50_LAF.txt";

filepath100 = "C:\Users\marin\Desktop\Master \4

semester \21 degC\vel_98_LAF.txt";

[TI5 , v5 , T5] = f(filepath5);

[TI10 , v10 , T10] = f(filepath10);

S
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[TI25 , v25 , T25] = f(filepath25);

[TI50 , v50 , T50] = f(filepath50);

[TI100 , v100 , T100] = f(filepath100);

t=[mean(T5);mean(T10);mean(T25);mean(T50);mean(T100)

];

t=t(:,[1 2 3 7 4 5 6]);

v=[v5; v10; v25; v50; v100];

TU=[mean(TI5); mean(TI10); mean(TI25); mean(TI50);

mean(TI100)];

TU=TU .*100;

TU=TU(:,[1 2 3 7 4 5 6]);

figure

x=linspace (0.1 ,0.7 ,7);

y=[0.05 0.10 0.25 0.5 1];

contourf(x,y,t,'ShowText ','on')

title('Thermal Plume Laminar Ventilation at 21 degC

RT')

xticklabels ({'0','0.1','0.2','0.3','0.4','0.5','0.6'

})

yticks ([0.05 0.10 0.25 0.5 1])

yticklabels ([ 0.05 0.10 0.25 0.5 1])

xlabel('Table width (m)')

ylabel('Measurement height above the wound (m)')

a = colorbar;

ylabel(a,'Air Temperature [degC]','FontSize ',11,'

Rotation ', 90);

figure

x=linspace (0.1 ,0.7 ,7);

y=[0.05 0.10 0.25 0.5 1];

[c,h]= contourf(x,y,v,12,'ShowText ','on');

T
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h.LevelList=round(h.LevelList ,2)

clabel(c,h)

title('Thermal Plume Laminar Ventilation at 21 degC

RT')

xticklabels ({'0','0.1','0.2','0.3','0.4','0.5','0.6'

})

yticks ([0.05 0.10 0.25 0.5 1])

yticklabels ([ 0.05 0.10 0.25 0.5 1])

xlabel('Table width (m)')

ylabel('Measurement height above the wound (m)')

a = colorbar;

ylabel(a,'Air velocity [m/s]','FontSize ',11,'

Rotation ', 90);

figure

x=linspace (0.1 ,0.7 ,7);

y=[0.05 0.10 0.25 0.5 1];

contourf(x,y,TU ,'ShowText ','on')

title('Thermal Plume Laminar Ventilation at 21 degC

RT')

xticklabels ({'0','0.1','0.2','0.3','0.4','0.5','0.6'

})

yticks ([0.05 0.10 0.25 0.5 1])

yticklabels ([ 0.05 0.10 0.25 0.5 1])

xlabel('Table width (m)')

ylabel('Measurement height above the wound (m)')

a = colorbar;

ylabel(a,'Turbulence Intensity [%]','FontSize ',11,'

Rotation ', 90);

function [TI, v, T] = f(filepath)

U
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opts = delimitedTextImportOptions (" NumVariables",

38);

velLAF = readtable(filepath ,opts);

M = table2array(velLAF);

u = M(1:150 ,1:7);

TI = M(1:150 ,22:28);

TI = TI /100;

nrows=size(TI ,1);

ncols= size(TI ,2);

V=ones(nrows ,ncols);

for j = 1:nrows

for i = 1:ncols

if TI(j,i) > 0.45

V(j,i)=u(j,i)*(0.173+ TI(j,i))/(1.596*( TI

(j,i))^2+0.226* TI(j,i)+0.308);

else

V(j,i)=u(j,i)/(1+(TI(j,i))^2);

end

end

end

v=mean(V);

v=v([1 2 3 7 4 5 6]);

T = M(1:150 ,8:14);

end

B.2 Script for indoor parameters in the op-

erating rooms

O = table2array(TinytagsExhaust);

TinyE21=O(2:236 ,2);

HumidityE21=O(2:236 ,3);

V
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TinyE23=O(2017:2246 ,2);

HumidityE23=O(2017:2246 ,3);

width = 5;

test = func(TinyE21 ,width);

x=linspace (1,230,9);

figure

yyaxis left

plot(TinyE21)

title('Mixing ventilation System ')

xlabel('Duration of mock -up surgery [min]')

ylabel ('Temperature [degC]')

hold on

plot(TinyE23)

yyaxis right

plot(HumidityE21)

plot(HumidityE23)

legend('MV Room Temperature at 21degC', 'MV Room

temperature at 23degC', 'MV Relative humidity at

21degC', 'MV Relative humidity at 23degC')

ylabel ('Relative Humidity [%]')

xticks ([x])

xticklabels ({'0', '5', '10', '15', '20', '25', '30',

'35'})

xlim ([1 230])

B.3 Script for airflows in operating rooms

TrendileMV = readtable ("C:\ Users\marin\Desktop\

Master \4 semester\Trendile_MV.txt", opts);

M = table2array(TrendileMV);

W
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SA21=M(1:41 ,1);

ST21=M(1:41 ,3) ';

EA21=M(1:41 ,2) ';

ET21=M(1:41 ,4) ';

SA23=M(40:80 ,1) ';

ST23=M(40:80 ,3) ';

EA23=M(40:80 ,2) ';

ET23=M(40:80 ,4)'

x=linspace (1,41,41);

figure

plot(x,SA21 ,'b--')

title('Mixing ventilation ')

xlabel('Duration of mock -up surgery [min]')

ylabel ('Air flow [m^3/h]')

hold on

plot(x,EA21 ,'b')

plot(x,SA23 ,'r--')

plot(x,EA23 ,'r')

xlim ([1 39])

ylim ([3100 3800])

legend('Supply air rate 21 degC', 'Exhaust air rate

MV 21 degC','Supply air rate 23 degC', 'Exhaust

air rate 23 degC')

B.4 Script for average room velocity

rho =1.17;

uo=5;

qs =3669/3600;

qe =3229/3600;

esource =60;

X
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L=7.9;

W=7.15;

H=2.9;

dh=1.9;

AN=L*H;

AS=W*H;

F=L*W;

Ts =18.8976;

Tr=21;

ds =1.18;

dr =1.1715;

As=2*AN+2*AS+2*F;

Vr=L*W*H;

eh =0.006* esource ^(1/3) *(dh)^(5/3);

eg =9.81*H*qs*(dr-ds);

ei=1/2* rho*uo^2*qs;%Supply

eo=1/2* rho*uo^2*qe;%Exhaust

u_r1 =(1.4^(1/2)/ds*(ei+eg+eh-eo)/(0.664* As))^(1/2) *(

Vr/As)^(1/6)

Y
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